coefficients for rare earth elements have been determined experimentally for diopside liquid pairs by using two systems, Di90-Ab5-Ans and Di80-Folo-Qzlo (wt%). The partition coefficient patterns obtained by partial melting of silicate system maintained beneath solidus have three remarkable features: (1) There is a peak in the vicinity of Gd. (2) The pattern for heavy REE span is warped up with increasing atomic number. (3) The small negative Ce anomaly is seen. These patterns can be interpreted as reflecting effect of overlapping two peaks which correspond to M1 and M2 site in the pyroxene structure. The effects of temperature and pressure on the partition coefficient pattern are qualitatively discussed.
INTRODUCTION chemical composition of systems.
One of the purposes of this paper is to examine some of Since 1960's a great number of analytical the factors which affect the partition coef data on rare earth elements (REE) for various ficients under experimentally controlled con kinds of rocks, their constituent minerals and ditions. extra-terrestrial materials have been accumulat ONUMA et al. (1968) have reported the parti ed, and so-called REE patterns have contributed tion coefficients between augite or bronzite much to our knowledge of petrogenesis. Recog megacryst and their host for major and trace nition of importance of REE geochemistry has elements and have demonstrated the effects of stimulated investigations of REE partitioning ionic radius and crystal structure on major and among coexisting phases, particularly between trace element partitioning between crystal and phenocrysts or megacrysts and their volcanic melt, on the basis of their data. They found matrices or hosts as well as the experimental that, in the partition coefficient versus ionic studies on partitioning.
Partition coefficients radius diagrams, points for elements of the same for the rare earth elements between natural charge fall on smooth curves usually with several crystals and deduced liquid have been measured parabola-shaped peaks which correspond to the by a number of workers (e.g., SCHNETZLER and lattice sites of crystal structure. PHILPOTTS PHILPOTTS, 1968; ONUMA et al., 1968; SCHNETZ (1978) discussed four characteristics of shapes LER, and PHILPOTTS, 1968; NAGASAWA, 1973) . of those curves with respect to a certain struc Those data indicate that the partition coef tural site. ficients for the same mineral species obtained Several experimental studies on REE parti from various kinds of rocks are not completely tioning between clinopyroxenes and melts have in accord with each other; their absolute values been made in some synthetic simple systems usually extend over a considerably wide range (MASUDA and KusHIRO, 1970 ; GRUTZECK et and the patterns of partition coefficients show al., 1974; CULLERS et al., 1977; MYSEN, 1978) . some fine structures characteristic of the in
In the present article, we report experimental dividual samples. It is true, however, that such results on the partitioning of REE between patterns for the same mineral species exhibit diopside and silicate melt at atmospheric pres their own characteristics which correspond to sure in the synthetic systems. the crystal chemical features of the minerals. It
Crystal and glass (quenched liquid) from the is obvious that in general the partition coef run product were separated 'by a differential ficients vary with temperature, pressure, and dissolution technique (SHIMIzu and HART, 1973) .
Throughout this paper the partition coefficient is defined as the ratio of measured concentra tion of an element in solid to that in 'liquid.
EXPERIMENTAL
Preparation of starting material Starting material was prepared as follows: Required amount of each reagent (CaC03, Na2CO3, Mg metal, Al metal) was weighed and disolved into nitric acid, and composite REE solution was added to it. The solution was evaporated almost to dryness to remove nitric acid, and the residual nitrates were dissolved by H20. After C2HSOH and a necessary amount of (C2H5)4 SiO4 were put in a teflon beaker containing the solution, NH40H was added with stirring until a stiff gel was obtained. The gel was dried at low temperatures ( 70° C) for a preliminary dryness and dried up at 110 120°C. The dried gel was finally heated in a platinum crucible by a gas burner. Concentrations of REE in the starting material thus prepared are roughly the same as those in natural rocks. Figure 1 shows outline of the expeirmental procedure generally employed in this study. About 400 mg of the starting material was tightly packed into a platinum tube.
The sample was suspended in a furnace with Pt wire. The charge was maintained at 1,100° C for 2 or 3 hours and then the temperature was elevated to the desired point.
Rapid quenching of the sample was achieved by quickly removing the tube from the furnace, and immediately plung ing it into water. The sample was finely ground and put into the furnace again at the same tem perature as the first run. The final run product was ground in an agate mortar and particles of adequate grain size were selected by elutriation in acetone.
The assorted grains were processed with the differential dissolution technique (DDT) (SHIMIZU and HART, 1973) .
The glass was dissolved by the first-step dissolution treat ment with 2 ml of 3 N HCl and 6 ml of 4.6% HF usually for a sample of about 80mg. The residual solid represents diopside crystals. Table  1 is a compilation of several conditions for our The chemical procedures for REE analyses employed in this work are almost similar to those of MASUDA'S method (MASUDA, 1966; MASUDA et al., 1973) .
The accuracies of the usual determination are believed to be about I%, but in some cases, especially in the heavy REE, the errors of 2 or 3 % may occur.
Equilibration
in charged materials was checked in the case of Di90-Abs-An, starting material and close similarities in both absolute magnitude and pattern of partition coefficients were observed between the one-step heating product and the two-step one. RESULTS 
AND
Experimental results are presented in Table   DISCUSSION for mineral-glass pairs 2.
The three sets of These patterns are characterized by the following three points: First, there is a peak in the vicinity of Gd. Second, the pattern for heavy REE span seems to be warped up with increasing atomic number. Third, the weak depletion of Ce in the crystal, i.e., Ce negative anomaly, is seen. GRUTZECK et al. (1974) reported two sets of partition coef ficients for diopside obtained by using two starting materials, Di65-Ab5-An30 and Di57-Ab32 -An,,.
Their partition coefficient pattenrs are almost similar to the present ones, but the first two features mentioned above are less marked in their partition coefficient pattern than in our cases presented in Fig. 2 . We conducted the experiment, D190-3, under N2 gas circumstance to attain reducing condition, because Ce anomaly implies the abnormal valency state of Ce; Ce3+ tends to take quadrivalent state under oxidizing conditions. Unfortunately, N2 gas which was used contained about 0.5% of oxy gen.
However, 02 partial pressure in that experiment should be much lower than 02 pressure involved in the ordinary atmosphere. Nevertheless, the extent of Ce anomaly did not change as compared with D190-1.
O NUMA et al. (1968) found a very remark able phenomenon that the partition coefficients for the homovalent cations fall on the smooth curve on the partition coefficient versus ionic radius diagram and showed that the most important factors which control the element partitioning were size of site of the relevant crystal and the ionic radius of the element substituting the host cation. PHILPOTTS (1978) has formulated partition coefficient curves with respect to any particular structural site and his formulas are summarized in equation (1).
where D is the partition coefficient of an ele ment; r and ro are the ionic radii of the element and most suitable ion for the site, respectively; A, B, K, C,, C2 and a are constants (a is a small value compared with unity).
However, we would like to regard it as a working Table 2 ) and were plotted on logarithmic scale against ionic radius (WHITTAKER and MUNTUS, 1970 Based on that elastic body approximation, ONUMA et al. (1968) proposed the simplified relationship (eq. la) between ionic radius and partition coefficient to apply to the pyroxene-basalt system. Accord ing to them, A is a constant given by elastic constant of the crystal and B is a constant introduced by charge balance. TSANG et al. (1978) also predicted similar parabolic relation ship on the basis of ionic lattice strain theory. On the contrary, the log-linear relationship for homovalent ions which differ in radii from site optimum by more than a few per cent was verified and emphasized by PHLLPOTTS (1978) in an empirical way. And he also pointed out the mirror image effect with respect to the shape of pattern; the partition coefficients of the elements whose ionic radii are larger than that of site optimum is almost equal to that of the elements smaller than optimum. BRIXNER (1967) reported the rare earth niobate partitioning between CaMoO4 and its melt. When plotting his data against Whittaker Muntus radii, resultant partition coefficient curve (Fig. 3 ) is found to be in accord with eq. (1). In CaMoO4 crystal, it should be easier for the rare earth elements to enter substitu tionaly Ca" site than Mo6+ site, because of considerably large differences between host Mo6+ site and guest REE in both ionic radius and charge. Hence, CaMoO4 can be considered as a single site crystal concerning the rare earth elements. JENSEN (1973) pointed out that in a mineral such as dolomite, where there are two cation positions of very different sizes, a composite curve consisting of two peaks only slightly overlapping each other would be ex pected and was observed actually in plots of the data of BRATTER et al. (1971) , though in calcite, a simple symmetrical peak would be expected.
To understand more clearly the partitioning of elements, the following formulation is needed for superposition of peaks: It is understood that the bulk partition coefficient for a certain element is expressed as simple algebraic addition of the values of particular partition coefficients corresponding to different sizes of cation sites and that each of those particular coefficients is given by eq. (1). Moreover, let us denote the partition coefficient function pertaining to site i by D1, which is naturally a function of ionic radius of element. Thus, we have D1= f, (r), D2 = f2 (r), Di = fi(r), ---
This equation is a consequence from logical consideration with respect to the role of site in the crystal.
This would not only help us interpret well the factors controlling the parti tioning but also supply evidence for justifying the previous hypothesis (eq. (1)) more firmly. Figure 4 is obtained by plotting the data on D190-2 on logarithmic scale against ionic radius. This pattern can be considered as a con sequence of overlap of two peaks. In the case of clinopyi oxene, there are three crystallo graphically non-equivalent positions for cations. Mg 2+ ions are concentrated in the M 1 site and M2 site is largely occupied by Ca'.
(The third site occupied by Si4+ is neglected here.) As expected, the patterns obtained by the present study (see Fig. 2 ) demonstrate that there is a distinct peak near Gd, corresponding almost certainly to crystalographic site (M2). According to the hypothetical partition coefficient func tion (eq. (1)), we attempted to evaluate the net partition coefficient values for the M 1 site effect concerning heavy REE. (Light REE are too far in size from M 1 site to be dealt with.) At first a curve (broken line in Fig. 4 ) was drawn symmetrically to the left-hand half of the M2 peak, according to the hypothesis (eq.
( 1) The observed partition coefficients (solid ) l to the c. f. Fig. 2 ). The curve 0-2 and half of the M2 peak is drawn (dashed line).
values (solid between the observed and A. MASUDA calculations as well as the underlying hypotheses are reasonable.
These calculations based on the same as sumptions as mentioned above were made for other experimental results, though in these cal culations, the values for the left-hand side of M2 peak were corrected for the slight effect of M 1 peak, whose values were obtained by extrapolat ing the line of assumed left-hand side effect of M 1 site peak represented by heavy REE. And these corrections were made repeatedly until resultant values converge to constant: These calculations were carried out by a computer and the least-square method was used to asses the coefficient, K in eq. 1. The results of these calculations based on the present experiments were compiled on a diagram (Fig. 5) . From this diagram, one can observe very good linear relationships among the calculated values for the M 1 site peak effect shown by Dy, Er, Yb and Lu, especially for D190-1, -2 and -3. Further, it should be worth paying much attention that the inclinations for left-hand side of the M2 peaks represented by light REE are gentler than those for M 1 site peaks. This difference between the inclinations of M 1 site and M2 site peak slopes seems to be in harmony with the dif ference in nature of M 1 and M2 sites in the structure of diopside. In diopside the M l site is six-coordinated and M2 is eight-coordinated. The anisotropy of their thermal vibration el lipsoid is more evident for the M2 site (TAKEDA, 1972; CAMERON et al., 1973) . TAKEDA (1972) demonstrated that the M2-03 bonds increase with decreasing Ca content of pyroxenes whereas the Ml-01, 02 bonds decrease. Hence, it is plausible that the less steep inclination for M2 site peak is due to the highly unsymmetrical and unstable distribution of oxygen around the M2 cation. The left-hand side of the M2 site peak is represented by light REE (La, Nd and Sm) and the left-hand side of the M1 site peak by heavy REE (Dy, Er, Yb and Lu).
EFFECT OF TEMPERATURE
Despite the importance of temperature among various factors which affect the element partitioning, published experimental data on temperature effect as to the REE partitioning are scarce. Of course there are a lot of experi mental data for other elements, especially for Ni, Co, Mn, etc., which have received much attention in relation with possible use as geo thermometers (e.g. LINDSTROM and WEILL, 1978; TAKAHASHI, 1978) . Temperature dependences of the crystal-liquid partition coefficients for Sm have been examined by previous experiments (HARRISON, 1977; MYSEN, 1976) . Their data showed that crystal-liquid partition coefficients for Sm appear to increase with increasing tem perature.
However, there is only one data available in the literature for examining the variation of REE partition coefficient pattern with temperature. Two sets of light REE parti tion coefficient patterns for two experiments, D190-1 and D190-2, which were carried out at 1,379 and 1,295°C, respectively, are shown in NISHIZAWA (1975) and MASUDA et al. (1977) have investigated the REE partitioning between clinopyroxene and liquid at 20 kb by using natural rocks as starting materials, tholeiitic basalt and alkali olivine basalt, respectively.
The former carried out three experiments at the same temperature, 1, 200'C (shown in Fig. 6 [ B ] ). Nevertheless, the true temperature for these experiments are considered to be not strictly identical, because the volume ratios of crystal to glass for the run products were not in accord with each other; low crystal/glass ratio suggests higher temperature and high crystal/glass ratio lower temperature. The latter of the research groups mentioned (1977) . Crystal glass ratios of run pro ducts are also indicated.
above investigated three sets of experiments and two of them which were conducted at 1,140 and 1,180°C are shown in Fig. 6 [Q. For all of the three sets in Fig. 6 , it appears that the inclinations of partition coefficient functions for higher temperatures (solid circles) are gentler than those for lower temperatures (open circles).
Waving of pattern is more clearly seen in the lower temperature experiment (D190-2) than in the high temperature ones (see Fig. 2 ). This temperature effect seems to be correlated with the phenomenon which was pointed out previously with respect to the differences in inclination of the site/melt partition coefficient patterns (Fig. 5) .
Accordingly, it may be reasonable to consider that the gentle inclina tion of the pattern for high temperature is ascribed to the fact that the looseness of oxygen configulation around the cation site is enhanced at higher temperatures.
On the other hand, as long as the starting materials and experimental conditions are the same, the position of the M2 peak appears not to shift with temperature.
In the case of D190-1 and D190-2, the peaks are located near Gd for both temperatures (Fig. 2) . Similarly, the data in NISHIZAWA (1975) and MASUDA et al. (1977) indicated that the position of turning-point which existed at Tb was not varied EFFECT OF PRESSURE MASUDA and KUSHIRO (1970) reported the REE partitioning between diopside and liquid at 20 kb by using diopside 80 enstatite 20 weight % as a starting material (Fig. 7) , in which con siderable amounts of water were added to the charge. For comparison as to the effect of pressure, we attempted to conduct the experi ment at 1 atm by using diopside 80, forsterite 10, SiO2 10 weight %. (It is impossible at 1 atm to use the same composition as employed by MASUDA and KUSHIRO, because of a narrow field of diopside solid solution (KusHIRO, 1969) . The difference between these two compositions seems to be insignificant, aside from H2O. The effect of H20, however, seems to be very small, because REE partition coefficient pattern for clinopyroxene resembles that for amphibole and H2O tends to concentrate in liquid. An interesting aspect can be found in Fig. 7 . The heavy REE partition coefficients for crystals formed at low pressure (one atm) increase with increasing atomic number.
On the other hand the data for high pressure (20 kb However, it is apparent that his data for heavy REE decrease with increasing atomic number. TANAKA and NISHIZAWA (1975) reported REE partitioning between clinopyroxene and liquid at 20kb by using natural rock as a starting material and NAKAMURA and M ASUDA (1976) determined major element compositions of their pyroxene.
As to their results, the partition coefficients for heavy REE do not decrease with increasing atomic number, but are substantially constant; their clinopyroxenes were charac terized by high A1203 contents, from 13.27 to 15.17 wt%, and might be unstable crystals. Hence, apart from the results of high-pressure natural-system experiments where unstable clinopyroxene tends to form as a product of partial solidification, it would be possible to consider that the heavy REE partition coef ficients for clinopyroxene, which has chemical composition near diopside and forms at high pressure, decrease with increasing atomic number in contrast to those for the similar pyroxene formed at low pressure.
In addition, it may be worth paying much attention that the position of the M2 peak does not shift for different pressures (Fig. 7) ; in both experiments, the peak seems to be located near Gd. The results obtained by this study would be one of the very good examples indicating the dependence of mineral partition coefficients on ionic radius and the size of site available for cations. Those results do not meet the "integral natures" as reflected markedly often by ordinary bulk rocks.
It was emphatically noted by MASUDA (1978) .
This implies that the bulk effect of integral natures is another aspect usually unaccountable by means of mere total of individual partition coefficients of stable pure minerals.
